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ABSTRACT
Ultraluminous X-ray sources (ULXs) are some of the brightest phenomena found outside of a
galaxy’s nucleus, and their explanation typically invokes accretion of material onto a black hole.
Here, we perform the largest population study to date of ULXs in early-type galaxies, focusing on
whether a galaxy’s large scale environment can affect its ULX content. Using the AMUSE survey,
which includes homogeneous X-ray coverage of 100 elliptical galaxies in the Virgo cluster and a sim-
ilar number of elliptical galaxies in the field (spanning stellar masses of 108 − 1012 M⊙), we identify
37.9± 10.1 ULXs in Virgo and 28.1± 8.7 ULXs in the field. Across both samples, we constrain the
number of ULXs per unit stellar mass, i.e., the ULX specific frequency, to be 0.062 ± 0.013 ULXs
per 1010 M⊙ (or about 1 ULX per 1.6 × 1011 M⊙ of galaxy stellar mass). We find that the number
of ULXs, the specific frequency of ULXs, and the average ULX spectral properties are all similar in
both cluster and field environments. Contrary to late-type galaxies, we do not see any trend between
specific ULX frequency and host galaxy stellar mass, and we show that dwarf ellipticals host fewer
ULXs than later-type dwarf galaxies at a statistically meaningful level. Our results are consistent
with ULXs in early-type galaxies probing the luminous tail of the low-mass X-ray binary population,
and are briefly discussed in context of the influence of gravitational interactions on the long-term
evolution of a galaxy’s (older) stellar population.
Subject headings: black hole physics — galaxies: elliptical and lenticular, cD — X-rays: binaries —
X-rays: galaxies
1. INTRODUCTION
Ultraluminous X-ray sources (ULXs) are extragalactic,
non-nuclear point sources, typically defined by X-ray lu-
minosities LX > 10
39 erg s−1 (0.3-10 keV). ULXs radiate
well above the Eddington luminosity5 for a neutron star
and are almost certainly accreting black holes, but their
exact nature is still highly debated. A handful of the
very brightest ULXs (LX & 10
41 erg s−1) are viable in-
termediate mass black hole candidates (IMBHS), poten-
tially representing the missing link between stellar mass
and supermassive black holes (e.g., HLX-1 in ESO243-
49 is one of the best candidates so far; Farrell et al.
2009). Other possible explanations include black hole
X-ray binaries (BHXBs) with unusually massive black
holes (M ∼ 20 − 100 M⊙) formed by the direct col-
lapse of a metal-poor star (e.g., Belczynski et al. 2010),
or BHXBs with a relativistically beamed jet pointed to-
ward the observer (i.e., stellar mass analogs to blazars; al-
though see, e.g., Davis & Mushotzky 2004; Kaaret et al.
2004; Kaaret & Corbel 2009 for reasons why the “micro-
blazar” scenario is unlikely).
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While the above possibilities are very intriguing, the
vast majority of ULXs do not require such exotic expla-
nations. Allowing for anisotropic emission and super-
Eddington accretion up to 10 times larger than the Ed-
dington limit (Begelman 2002), the normal BHXB popu-
lation can account for ULXs with X-ray luminosities up
to ∼ 1040 erg s−1. Most ULXs thus simply represent
the high-luminosity tail of a galaxy’s normal (. 20M⊙)
BHXB population (Feng & Soria 2011). Ignoring the
more exotic types of ULXs with LX & 10
40 erg s−1,
ULXs are predominantly composed of two BHXB popu-
lations — young high mass X-ray binaries (HMXBs) in
galaxies actively forming stars, and transient low mass X-
ray binaries (LMXBs) generally found in ellipticals (King
2002). Population studies on ULXs therefore provide an
economic means to study the BHXB content of galaxies,
which can place constraints on a galaxy’s evolution and
star formation history.
Given typical sensitivities of X-ray facilities like Chan-
dra and XMM-Newton, systematic searches for ULXs
are limited to galaxies within a few tens of Mpc (e.g.,
Swartz et al. 2011). Since the Local Volume contains
mostly late-type galaxies, overall ULX number counts
and X-ray luminosities are generally consistent with ex-
pectations from HMXB luminosity functions, with ULXs
more likely to be found in galaxies with higher global
star formation rates (SFRs; e.g., Grimm et al. 2003).
This trend with SFR implies that the large-scale envi-
ronment may influence the properties of ULXs, especially
considering that the most luminous ULXs are generally
found in interacting galaxies (Feng & Soria 2011). Fur-
thermore, as shown by Swartz et al. (2008), the num-
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ber of ULXs per unit stellar mass (M⋆) of the host
galaxy (which we refer to as Sulx, the specific ULX fre-
quency) is anti-correlated with stellar mass (for M⋆ >
108.5 M⊙, below which not enough galaxies have yet
been probed to constrain the anti-correlation). This anti-
correlation surprisingly implies that ULXs reside rela-
tively more frequently in dwarf galaxies, which could be
due to late-type dwarfs having higher specific-SFRs (e.g.,
Brinchmann et al. 2004), and/or ULXs in dwarfs being
longer-lived. Regardless, the higher Sulx is likely reflect-
ing differences between the evolution of dwarf and giant
(late-type) galaxies (e.g., dwarfs typically evolve more
slowly with lower metallicities and less merger-dependent
histories; see Swartz et al. 2008 and references therein for
the relevance to ULXs).
Only about one-third of known ULXs are found in
early-type galaxies (Walton et al. 2011; Feng & Soria
2011). The lower number of ULXs in ellipticals appears
to be more than an observational artifact due to survey-
ing only the Local Volume, as the specific ULX frequency
is also 10 times smaller in ellipticals (Swartz et al. 2011;
Walton et al. 2011). Irwin et al. (2004) show that ULXs
in early-type galaxies also tend to be less luminous than
ULXs in late-type galaxies (with perhaps all ULXs in
ellipticals having LX < 2 × 1039 ergs−1). In addition,
contrary to spirals, elliptical galaxies seem to show a flat
trend (or potentially a positive correlation) between spe-
cific ULX frequency and host stellar mass (Walton et al.
2011). These observations are consistent with the ULX
population in elliptical galaxies being associated exclu-
sively with LMXBs, and ULXs in spirals being associated
primarily with HMXBs (although at the lower-luminosity
end, LMXBs can also contribute some fraction to a spi-
ral galaxy’s total ULX population; Colbert et al. 2004).
The number of ULXs in ellipticals should thus correlate
with galaxy mass rather than SFR (Gilfanov 2004).
Here, we focus exclusively on the ULX population in
early-type galaxies, which is currently not as well con-
strained as for late-types. Besides improving their ULX
number statistics (especially for galaxies with lower-
stellar masses), our primary goal is to perform a fo-
cused study on whether there is a connection between
ULXs and large-scale environment. Environmental ef-
fects strongly influence the evolution of galaxies (and
their cold gas content) within clusters through interac-
tions with the intracluster medium, with the cluster po-
tential, and also via galaxy-galaxy interactions, through
which star formation can be triggered and/or quenched
(see e.g., Treu et al. 2003; Boselli & Gavazzi 2006 for re-
views on environmental processes). Therefore, if ULXs
reflect information about a galaxy’s evolutionary history,
we might expect different ULX populations within early-
type galaxies in cluster versus isolated (field) environ-
ments. For this study, we use Chandra X-ray observa-
tions of 195 early-type galaxies from the Active Galactic
Nucleus (AGN) MUltiwavelength Survey of Early-Type
Galaxies (AMUSE). AMUSE is a unique resource be-
cause it contains a large number of galaxies in both clus-
ter and field environments across a wide range of stellar
masses (108 − 1012 M⊙). We describe the AMUSE sam-
ples and X-ray data analysis in §2, we present results in
§3, and we discuss our results in §4. Unless stated other-
wise, statistical errors are quoted at the 90% confidence
level.
2. THE AMUSE SAMPLE AND X-RAY
OBSERVATIONS
The AMUSE survey was designed to use Chandra
to search for weak AGNs at the centers of early-type
galaxies and is composed of two parts, the AMUSE-
Virgo survey (targeting cluster environments) and the
AMUSE-Field survey (targeting more isolated environ-
ments). The galaxies included in each subsample were
optically selected and therefore unbiased with respect
to their X-ray properties. Besides including a large
number of galaxies spanning a wide range in M⋆ and
in environment, a key property of the AMUSE sur-
vey is that it provides homogeneous X-ray coverage
for each galaxy. The initial AMUSE-Virgo survey (ID
8900784, Chandra Cycle 8, PI: Treu, 454 ks) targeted 100
spheroidal galaxies within the Hubble Space Telescope
(HST) Advanced Camera for Surveys (ACS) Virgo Clus-
ter Survey (VCS; Coˆte´ et al. 2004) with Chandra ACIS-S
and Spitzer MIPS (Gallo et al. 2008, 2010; Leipski et al.
2012). The AMUSE-Virgo Chandra observations include
84 “snapshots” with exposure times >5.4 ks, which was
supplemented by 16 deeper archival Chandra observa-
tions. After completion of AMUSE-Virgo, a complemen-
tary sample of early-type galaxies in non-cluster envi-
ronments was targeted with a large Chandra program,
the AMUSE-Field survey (ID 11620915, Chandra Cy-
cle 11, PI: Gallo, 479 ks). For AMUSE-Field, a total
of 103 galaxies were optically selected from the Hyper-
Leda6 catalog (Paturel et al. 2003) for Chandra follow-
up (see Miller et al. 2012a for details). The AMUSE-
Field survey consists of ∼2–12 ks Chandra “snapshots”
for 61 galaxies from the Cycle 11 program, which are
supplemented by archival Chandra observations of 42
more early-type galaxies (Miller et al. 2012a,b). Two-
band HST/ACS images were also taken for 28 AMUSE-
Field galaxies (Baldassare et al. in prep). The AMUSE-
Virgo and AMUSE-Field X-ray data have (3σ) sensi-
tivity thresholds better than 3.75 × 1038 erg s−1 and
2.5× 1038 erg s−1, respectively, over the Chandra band-
pass, providing ample sensitivity to constrain an X-ray
population with LX > 10
39 erg s−1.
A handful of the non-“snapshot” Chandra observations
were read-out in subarray mode (VCC2095 = NGC4762
in the Virgo sample; NGC4036, NGC5322, and NGC5838
in the Field sample). These observations are not consid-
ered here because they do not cover enough of the galaxy
to search for non-nuclear X-ray sources. Four addi-
tional Field galaxies are excluded (NGC3928, NGC3265,
NGC0855, and ESO540-014) because their high-spatial
resolution HST images reveal complex morphologies. It
is now apparent that these galaxies are unlikely to be
early-type, and they will be discussed in a future pub-
lication (Baldassare et al. in prep). We thus consider
99 and 96 galaxies in the Virgo and Field samples, re-
spectively. Basic properties of these 195 galaxies are pre-
sented in Tables 1–2, with stellar masses and distances
taken from Gallo et al. (2010) and Miller et al. (2012a)
for the Virgo and Field galaxies, respectively.7 The cu-
mulative distributions of the number of galaxies in each
6 http://leda.univ-lyon1.fr/
7 The stellar masses are derived from two-band optical photom-
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Fig. 1.— Cumulative Number (a) and stellar mass (b) distribu-
tions for galaxies in the Virgo (solid lines) and Field (dotted lines)
samples.
sample and their stellar masses are shown in Figure 1.
We also provide in Tables 1–2 the shape of each galaxy’s
25 mag arcsec−2 isophote in the B-band, which we re-
fer to as the D25 isophote, as taken from HyperLeda and
corrected for extinction. We refer to the (angular) radius
of the major axis of the D25 isophote as r25 throughout
the text.
2.1. X-ray Data Analysis
The Chandra data reduction was performed with CIAO
version 4.5 (Fruscione et al. 2006) and done in a simi-
lar fashion as described by Gallo et al. (2008, 2010) for
AMUSE-Virgo, and by Miller et al. (2012a) for AMUSE-
Field. We refer the reader to those papers for details,
and we only briefly describe the data reduction here. All
targets were placed on the back-illuminated S3 chip of
the Advanced CCD Imaging Spectrometer (ACIS) de-
tector (Garmire et al. 2003). If a galaxy falls within the
Sloan Digital Sky Survey (SDSS) footprint, we first im-
prove the Chandra astrometry by cross-matching X-ray
point sources on the ACIS-S3 chip to the SDSS (the X-
ray source lists are derived by running wavdetect on the
pipeline level 2 event files). We require at least three
matches to an SDSS optical counterpart (with optical
etry using the relations in Bell et al. (2003). HST/ACS imaging
in the F457W and F850LP filters, which roughly correspond to
SDSS g and z, are used when available. Otherwise, stellar masses
are calculated from (in order of preference) g− z model magnitude
colors from the SDSS, or from B−V colors taken from HyperLeda.
Distances for the Virgo galaxies are derived from surface bright-
ness fluctuations (Mei et al. 2007), or set to 16.5 Mpc (the average
distance to the Vigo Cluster) when such distances are unavailable.
For the Field galaxies, radial-velocity distances from HyperLeda
are used, since redshift-independent distances are not available for
most objects in either HyperLeda or NED.
magnitude r < 23 mag), and we improve the astrometry
and generate new aspect solution files for 70% of the ob-
servations (all astrometry corrections are at the sub-pixel
level, i.e., < 0.′′5).
Next, we reprocess each observation to generate new
level 2 event files with the latest calibration applied, and
we remove time intervals with anomalously high back-
ground rates (> 3σ above the mean level). Then we
create 0.3-7.0 keV X-ray images of the S3 chip from the
reprocessed event files, and we generate a list of point-
sources in each image by running wavdetect with scales
of 1.0, 1.4, and 2.0 pixels using a 1.5 keV exposure
map and a threshold significance of 10−6 (correspond-
ing to approximately one false detection expected per
chip). Source counts (0.3–7 keV) are calculated for each
wavdetect source from aperture photometry using circu-
lar apertures with radii corresponding to the 90% en-
circled energy fraction at 1.5 keV (the encircled energy
fraction is a function of each source’s off-axis position on
the S3 chip). The local background for each source is esti-
mated from the median number of counts in four nearby
(source-free) regions. For 20 of the galaxies, there are
significant amounts of hot diffuse gas near the central
regions that could contaminate the photometry. Since
the hot gas component contributes predominantly to the
soft X-ray band, we use 2–7 keV hard-band images to
perform photometry for sources near the inner regions
of these galaxies (adopting apertures with 90% encircled
energy fractions at 4.5 keV). More details are provided in
§2.3, including an analysis to determine if the presence
of hot gas can potentially bias our results. In addition
to the 20 galaxies with hot gas, we also use hard-band
images to calculate net counts for sources in the inner
17′′ of VCC1903 and NGC3379, and in the inner 32′′ of
NGC1052. Although these three galaxies do not (obvi-
ously) show significant diffuse emission, their inner re-
gions are relatively crowded with point sources. Since all
three galaxies have relatively deep Chandra exposures,
using the hard-band images allows a cleaner estimate of
the local background near each X-ray source.
Finally, given the observed number of source and back-
ground counts within each aperture (after applying a
90% aperture correction), we assess which sources should
be considered X-ray detections. To determine the detec-
tion threshold on a source-by-source basis, we use the
Bayesian formalism of Kraft et al. (1991) when the num-
ber of background counts is less than 10, and we use
Equation 9 from Gehrels (1986) elsewhere. We exclude
all X-ray point sources below the detection threshold
from further analysis.
2.2. Identifying ULXs
To identify ULXs, we consider all X-ray point sources
within each galaxy’s D25 isophote and more than 2
′′
from the galaxy’s optical center (the latter constraint
is to exclude potential AGNs). There are a total of 705
and 1092 off-nuclear X-ray sources associated with galax-
ies in the Virgo and Field samples, respectively. For
each source, we use the measured 0.3-7 keV net count
rates (2-7 keV for sources embedded in hot gas or in
crowded fields) and version 4.6b of the Portable, Inter-
active Multi-Mission Simulator (PIMMS)8 to estimate
8 http://heasarc.gsfc.nasa.gov/docs/software/tools/pimms.html
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0.3-10 keV X-ray fluxes (corrected for Galactic absorp-
tion). We assume an absorbed powerlaw with Galactic
absorption (from the Dickey & Lockman 1990 H I maps)
and a photon index Γ = 1.8,9 which is the average ULX
photon index from Swartz et al. (2004). We then cal-
culate luminosities for each point source based on the
above fluxes and the distance to each galaxy. We con-
sider as ULXs all sources with unabsorbed 0.3-10 keV
LX > 10
39 erg s−1, retaining 55 and 50 ULX candidates
in the Virgo and the Field samples, respectively (before
removing potential contaminants; see §2.2.2). ULX num-
ber counts (Nulx) are provided in Tables 1–2 for each
galaxy, and properties of each individual ULX candidate
are given in Tables 3–4.
2.2.1. Fraction of Each Galaxy Covered by the ACIS-S3
Chip
For a small number of galaxies (16 in total), part of the
outer regions of the D25 isophote extends off the S3 chip
(typically missing only 6% or less of the galaxy’s total
projected area on the sky). We expect only a few ULXs
to populate the outer regions of galaxies (see Fig. 12
of Swartz et al. 2004), and the partial coverage should
therefore not cause us to miss many ULXs. Neverthe-
less, we correct for any potential incompleteness by first
calculating the fraction of each galaxy that is covered
by the S3 chip (farea), determined by the fraction of il-
luminated pixels within the D25 isophote compared to
the total area of the D25 isophote. Then, we determine
the fraction of ULXs in each of these 16 galaxies that
we expect to fall on the S3 chip (fulx). We assume
that ULXs follow a surface density profile of the form
dN/dA ∝ exp−(16.67r′)
0.63
, based on the empirical fit in
§3.2.4 of Swartz et al. (2004). dN/dA is the number of
ULXs per unit area, and r′ = (r/r25) is the dimensionless
distance to an elliptical isophote with semi-major axis r
normalized to r25. We calculate fulx as the weighted
fraction of pixels within the D25 isophote covered by the
S3 chip, weighting each pixel by the above surface den-
sity profile. The quantities farea and fulx are provided
in Tables 1–2 for each galaxy. We expect to recover an
average fraction of 〈fulx〉 = 0.985 ULXs among the 16
galaxies not fully covered by the S3 chip (with all 16
having fulx > 0.922). The ACIS-S3 chip covers 100%
of the other 179 AMUSE galaxies, so this source of in-
completeness is very minimal when considering the entire
sample.
2.2.2. Contamination from the Cosmic X-ray Background
Here, we assess the expected number of chance align-
ments of foreground/background sources within each
galaxy’s D25 isophote. We use X-ray source counts
from the resolved cosmic X-ray background study by
Moretti et al. (2003). We first estimate the expected
hard X-ray flux S (2-10 keV) that would be observed
from a 1039 erg s−1 ULX (0.3-10 keV) in each galaxy
using PIMMS, assuming the distance to each galaxy,
Γ = 1.8, and Galactic absorption. Then, we use the
Moretti et al. (2003) cumulative X-ray flux distribution
9 The photon index is defined by N(E) = N0(E/E0)−Γ, with
N(E) the number of photons at an energy E, N0 the photon num-
ber normalization, and E0 = 1 keV the reference energy.
(their Equation 2) to calculate N(>S), the expected
number of X-ray sources (per deg2) with a hard X-ray
flux larger than S. Finally, N(>S) is multiplied by the
fractional area of the D25 isophote covered by the ACIS-
S3 chip for each galaxy (farea). The expected number of
background sources (Nbg) is included in Tables 1-2. Nbg
is negligible for the majority of galaxies, but the back-
ground contamination can be as high as 2–3 sources for
the largest galaxies. If Nbg > Nulx for a galaxy, then we
set Nbg = Nulx to avoid negative net ULX counts. We
note that this constraint biases our net ULX counts to
larger numbers, but it does not affect our results qualita-
tively (see §3.1). Across the entire Virgo and Field sam-
ples, we expect a total of 17.6 and 21.9 background con-
taminants, respectively. We also search the SIMBAD10
and NED11 databases to identify any ULX candidates
that are already known to be background/foreground ob-
jects. We identify four contaminants in the Virgo sam-
ple (three AGN and one star), and one AGN in the Field
sample. For completeness, these five sources are included
in the ULX count rate numbers (Nulx) in Tables 1–2,
and also included (and marked) in the ULX catalogs
(Tables 3–4). Ultimately, we correct for the background
contamination statistically.
2.3. Galaxies with Diffuse Gas: Assessing the
Completeness Fraction
Some of the Chandra images of the more massive galax-
ies in the AMUSE sample show a diffuse hot X-ray gas
component (these tend to be archival observations, the
majority of which have longer exposure times than the
Chandra snapshots). The presence of hot gas could neg-
atively affect our ULX study in two ways. First, if not
properly accounted for, the hot gas could cause us to
overestimate an X-ray point source’s luminosity. Sec-
ond, it is possible that the hot gas could outshine a ULX
that is embedded in the diffuse emission, causing us to
miss some ULXs and thereby underestimate ULX num-
ber counts (preferentially) for the most massive galaxies.
We address the first concern by performing photometry
on hard-band images (2-7 keV) for point sources near
significant amounts of gas, as we expect the gas to con-
tribute less than 5% of the total flux at energies above
2 keV for most galaxies (see Gallo et al. 2008). To ad-
dress the second concern, we use MARX12 version 5.0 to
project ray-tracings of simulations of 1039 erg s−1 point
sources embedded in a diffuse gas component onto the
ACIS-S3 detector. Details are described below.
To determine which galaxies show significant gas
emission, we first generate 0.3-7 keV band images of
each galaxy masking out all point sources detected by
wavdetect.13 Then, we create a surface brightness ra-
dial profile, Σ(r) (in counts per deg2), for each galaxy.
Galaxies with significant gas are easily identified by their
smoothly declining radial profiles, while galaxies without
gas have flat profiles. The radial profiles are calculated in
10 The SIMBAD database (http://simbad.u-strasbg.fr/simbad)
is operated at CDS, Strasbourg, France.
11 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.
12 http://space.mit.edu/cxc/marx/
13 We also mask out the X-ray jet for VCC1316 (M87) in Virgo.
ULXs in Early-type Galaxies 5
0 50 100 150 200
Radius (arcsec)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
G
as
 S
ur
fa
ce
 B
rig
ht
ne
ss
 (c
ou
nts
 pi
x-2
)
(a)
NGC 1407 (obsID 791)
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Radius (r/r25)
0
1
2
3
4
N
um
be
r o
f S
im
ul
at
ed
 U
LX
s (b)
Fig. 2.— (a) Sample radial profile for the extended gas emission
in NGC1407 in the Field (uncertainties are smaller than the data
symbols). The dotted line shows the surface brightness of the back-
ground (see §2.3). For NGC 1407, we consider the gas to extend
to rgas = 62′′ (rgas/r25 = 0.33). (b) Adopted radial distribution
for simulated ULXs.
radial bins of of width ∆r = 15′′, and they extend from
r = 2′′ to r = r25. We also estimate a background surface
brightness level, Σbg, from a circular aperture extending
from 5-15′′ past r25. We consider a galaxy to have signifi-
cant gas at all radii where Σ(r) > 2.5Σbg, and we identify
a gas boundary radius rgas as the angular distance of the
outer edge of the annulus where Σ(rgas) = 2.5Σbg. In
total, there are 9 Virgo and 11 Field galaxies with sig-
nificant gas, with rgas ranging from 1–6
′ (or normalized
to the D25 isophote, 0.16 < rgas/r25 < 0.77). A sample
gas radial profile is shown in Figure 2a.
In order to simulate the hot gas component for these
20 galaxies, we first need a spectral model for the gas.
We extract a gas spectrum for each galaxy from the
above masked images with the CIAO task specextract,
using a circular source extraction annulus with an in-
ner radius=2′′ and an outer radius set to rgas (and
employing the same background region as described
above). Weighted background and source response ma-
trix files (rmfs) and auxiliary response files (arfs) are
created for each observation, and the spectra are fit
using ISIS version 1.6.2-10 (Houck & Denicola 2000),
binning each spectrum to achieve a signal-to-noise >5
per bin. The diffuse gas is fit with the Astrophysical
Plasma Emission Code (APEC) thermal-emission model
(Smith et al. 2001), i.e., vapec, assuming Solar abun-
dances (Anders & Grevesse 1989) and allowing the abun-
dances of oxygen, neon, magnesium, silicon, and iron to
vary as free parameters. The plasma model is calculated
at the redshift of each galaxy, and we freeze the inter-
vening column density to the Galactic value. All galax-
ies’ gas components can be adequately fit with a single
temperature plasma model, with gas temperatures (kTg)
ranging from 0.48-0.95 keV. Only VCC1316 (M87) has
substantially hotter gas, with kTg = 1.60± 0.02 keV.
We next create a map of each galaxy’s diffuse emis-
sion to use as a pixel-by-pixel spatial model for the MARX
simulations. We start by generating a 0.3-7 keV band
image of each galaxy extending out to a radius rgas. We
use the CIAO task dmfilth to fill in regions of the image
where wavdetect identified a point source, interpolating
the expected number of gas counts from a random sam-
pling of nearby pixels.14 From the above spatial maps
and best-fit spectral models, we simulate each galaxy’s
diffuse gas emission with MARX, centering the gas to the
same location on the ACIS-S3 chip as in the real obser-
vations.
Next, we randomly simulate the positions of ULXs em-
bedded inside each galaxy’s gas component by assum-
ing that ULXs follow the same surface density profile,
dN/dA, as adopted in §2.2.1. We normalize the sur-
face density profile to include 20 ULXs in each galaxy,15
and then we numerically integrate dN/dA over area to
determine the expected number of ULXs within several
radial bins (see Figure 2b). We randomly draw pairs of
right ascensions and declinations out to r = rgas (as-
suming random position angles), matching the number
of ULXs within a given radial bin to the profile in Fig-
ure 2b. Since rgas < r25, each galaxy includes <20 sim-
ulated ULXs (specifically from 5–18 per galaxy). MARX
simulations are then run for each ULX, assuming the
above positions on the ACIS-S3 chip, a point-source spa-
tial model, and a spectral model consisting of a Γ = 1.8
power law (including Galactic absorption) normalized to
LX = 10
39 erg s−1 (0.3-10 keV). The simulations for the
diffuse emission and each ULX are then combined (using
marxcat), and corresponding simulated event and aspect
solution files are created with marx2fits and marxasp,
respectively. We then generate 0.3-7 keV band images
from the simulated event files for each galaxy. Finally, we
run wavdetect on the simulated images with the same
parameters as in §2.1. We simulate a total 214 ULXs
combining all 20 galaxies, all of which are recovered by
running wavdetect on the simulated 0.3-7 keV images.16
Thus, we conclude from these simulations that the diffuse
gas emission is not strong enough in any of the AMUSE
galaxies to dilute emission from a ULX to the extent that
wavdetect could no longer identify the X-ray source.
After identifying X-ray sources from the 0.3-7 keV
band images, ULX candidates embedded in diffuse emis-
sion are ultimately classified via photometry in 2-7 keV
hard-band images (see §2.1). We note that the rela-
tively hotter gas component for VCC1316 (M87; kTg =
1.6 ± 0.02 keV) contributes substantially more photons
to the 2–7 keV band compared to the other galaxies
14 For VCC1316 (M87) in Virgo, we also fill in regions covered
by the X-ray jet.
15 We intentionally overestimate the number of ULXs per galaxy
in order to assess the statistical completeness of our ULX identifi-
cation algorithm.
16 We found that running wavdetect with wavelet scales larger
than 2.0 pixels led to false identifications of a small number of
extended gas clumps as ULX candidates (<5), which is why we run
wavdetect with scales of 1.0, 1.4, and 2.0 pixels when assembling
the ULX catalog.
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(we estimate that the gas component could contribute
up to 30% of the total flux contained within a typical
photometric aperture for a 1039 erg s−1 ULX candidate
near the center of VCC1316, while the contribution is
smaller for ULXs that are farther from the center and/or
more luminous). However, our local background subtrac-
tion in the 2-7 keV images adequately removes the gas
component from each point source in VCC1316, and no
other galaxy has gas that is hot enough to contribute so
strongly to the hard X-rays. However, for all galaxies
where we use hard-band images, we must make sure that
ULXs are still above our detection limit. For each of the
20 galaxies with gas emission, plus the three additional
galaxies with crowded centers, we use PIMMS to esti-
mate the expected 2-7 keV count rate from a 1039 erg s−1
(0.3-10 keV) ULX, assuming the distance to each galaxy,
Galactic absorption, and a Γ = 1.8 powerlaw. Given the
exposure times of each Chandra observation, we expect
an obvious detection for a ULX in every hard-band im-
age (with at least seven hard X-ray counts; six counts
if we assume Γ = 2.2), except for perhaps NGC5077
(obsID=11780; τexp = 28.5 ks; d = 40.2 Mpc). For
NGC5077 we would still expect four hard X-ray counts
(three if Γ = 2.2) from a 1039 erg s−1 ULX, which would
usually be considered a marginal detection depending
on the background level. Upon visual inspection of the
(non-simulated) data, we note that there are only two
wavdetect sources in NGC5077 near significant amounts
of gas. Both of these sources have five net counts in
the hard-band and are considered detections based on
their background level of <0.5 counts (Kraft et al. 1991).
Thus, we are unlikely incomplete to any ULXs due to our
choice of using the hard X-ray band to perform photom-
etry in the inner regions of these 23 galaxies.
3. RESULTS
3.1. Cluster vs. Field ULX Number Counts and
Specific Frequencies
For each galaxy, we statistically correct for the ex-
pected background contamination and for the (small)
number of ULXs that might not be covered by the S3
chip, and we calculate the net number of ULXs as niulx =(
N iulx −N ibg
)
/f iulx, where i refers to the i
th galaxy. We
calculate a total of nulx =
∑
i n
i
ulx = 37.9 ± 10.1 and
28.1 ± 8.7 ULXs in the 99 Virgo and 96 Field galaxies,
respectively. (If we do not require 0 ≤ N ibg ≤ N iulx, then
we find nulx = 33.6 ± 9.5 and 20.3 ± 7.4 in Virgo and
the Field, respectively). However, care must be taken
when comparing these ULX number counts, since each
sample has different stellar mass distributions in addi-
tion to a different number of galaxies (see Figure 1). We
control for the different M⋆ distributions following the
method developed by Miller et al. (2012b, see their §2.2).
From logM⋆ histograms of each sample, we use the ratio
of the number of Virgo to Field galaxies to weight the
Field distribution to match that of Virgo (see Figure 2c
in Miller et al. 2012b). We then randomly draw 103 sub-
samples from the weighted Field M⋆ distribution, with
each subsample consisting of 45 galaxies.17 In order to
17 As described by Miller et al. (2012b), n = 45 is a practical
limit to the subsample size because each subsample is drawn with-
compare a similar number of Virgo and Field galaxies, we
also create 103 Virgo subsamples by randomly drawing
45 galaxies from Virgo each time (with no weighting).
The 103 Virgo and 103 Field subsamples have median
net ULX counts of nulx = 7.2
+4.8
−4.3 and 8.6
+5.8
−4.3, respec-
tively, where the error is the 90% confidence interval
based on the nulx distributions of all 10
3 subsamples.
We also repeat this exercise dropping the requirement
that 0 ≤ Nbg ≤ Nulx, and we find median mass-matched
net ULX counts of nulx = 5.1
+5.2
−4.6 and 5.0
+6.4
−4.8 for Virgo
and the Field, respectively. We thus do not see any sta-
tistical evidence for a significant difference between the
ULX count rates in Virgo and in the Field.
In addition to ULX number counts, it is insightful to
consider the specific ULX frequency, which we define as
Sulx = nulx/M
10
⋆ , where M
10
⋆ is the stellar mass in units
of 1010 M⊙. In Figure 3, we compare the specific ULX
frequencies in each sample over different mass bins. For
mass bins without any ULXs, we estimate 95% confi-
dence upper limits to Sulx based on the total stellar mass
contained within each bin. We test for the presence of a
correlation betweenM⋆ and Sulx using the survival anal-
ysis package ASURV18 Rev 1.2 (Lavalley et al. 1992),
which implements the methods presented in Isobe et al.
(1986). There is no statistically significant correlation
in either sample (p = 0.08 and 0.60 that no correlation
is present in Virgo and the Field, respectively, from the
generalized Kendall’s τ test). For completeness, we also
include the combined Virgo+Field sample (195 galaxies)
in Figure 3, for which there is also no statistically signif-
icant correlation between Sulx and M⋆ (p = 0.19). The
lack of ULXs in the largest mass bin for the Field is
because the Field sample does not include any galax-
ies with logM⋆ > 11.5 M⊙. The detection of only
two ULXs (across both samples) hosted by galaxies with
M⋆ < 10
10 M⊙ could indicate that ULXs are extremely
rare in lower-mass early-type galaxies. However, we al-
ternatively may simply not be probing enough low-mass
galaxies to detect many ULXs (each mass bin contains
< 1011 M⊙ total, and we expect on the order of only one
ULX per ∼1011 M⊙ in ellipticals; Walton et al. 2011),
which we will discuss in §4.1.
Finally, we note that combining all of the mass bins in
each AMUSE sample (amounting to total stellar masses
of 6.0× 1012 and 4.6× 1012 M⊙ in Virgo and the Field,
respectively), the Virgo and Field samples have nearly
identical specific ULX frequencies of Sulx = 0.063±0.017
and 0.061 ± 0.019 per 1010 M⊙, further indicating that
the ULX population in early galaxies does not depend on
environment. The specific frequency for all 195 galaxies
is Sulx = 0.062 ± 0.013 per 1010 M⊙ (from the litera-
ture, we expect on the order of Sulx ≈ 0.1; Walton et al.
2011).19 We note that we are potentially systematically
underestimating Sulx since we only count ULXs within
the D25 isophote, but the stellar masses are integrated
over the entire galaxy. However, calculating Sulx in this
manner allows a more uniform comparison to the bulk
of the literature, and we expect any potential bias to be
out replacement.
18 http://astrostatistics.psu.edu/statcodes/asurv
19 If we do not require 0 ≤ Nbg ≤ Nulx, then the specific ULX
frequencies are lower: 0.056±0.016, 0.044±0.016, and 0.051±0.011
per 1010 M⊙ for Virgo, the Field, and Virgo+Field, respectively.
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Fig. 3.— (a) Histograms of the specific ULX frequency versus logM⋆ for Virgo (red squares), the Field (blue triangles), and the combined
Virgo+Field AMUSE sample (back circles). The three histograms within each mass bin are offset along the x-axis for clarity (plotted as
Virgo, Field, and Virgo+Field from left to right). Symbols at the top of shaded histograms mark mass bins containing ULXs (with 90%
confidence error bars), while the other symbols mark upper limits (95% confidence). Histograms are omitted for mass bins that do not
contain any ULXs and/or galaxies. (b) The net number of ULXs (nulx) in each mass bin. (c) The total amount of stellar mass contained
in each mass bin. (d) The total number of galaxies (Ngal) in each mass bin.
negligible since only a very small number of ULXs likely
fall outside of the D25 isophote. We also note that these
specific ULX frequencies are not highly sensitive to the
different M⋆ distributions of each sample, since we do
not see a trend between Sulx and M⋆ in Figure 3.
3.2. Average Spectral Properties
A detailed study on the spectral properties of ULXs is
not possible, since most ULX candidates in the AMUSE
survey have <102 X-ray counts. Instead, we perform
joint spectral fits to determine if there is a difference
between the average spectral properties of ULXs in the
Virgo versus the Field samples. We note that other stud-
ies on individual ULXs utilizing higher quality X-ray
spectra indicate diverse spectral properties that could
reflect differences in, e.g., accretion geometries, out-
flow strengths, viewing angles, etc. (see, e.g., §4 of
Feng & Soria 2011, and references therein). The hetero-
geneous nature of ULX spectra thus imposes a system-
atic limitation to the quality of our joint fits, which must
be kept in mind when interpreting the results. We thus
only attempt to constrain the “average” ULX spectral
properties at a phenomenological level here.
For each ULX candidate in Tables 3-4, we extract an
X-ray spectrum with the CIAO task specextract. Each
source’s spectrum is extracted within a circular region 2
pixels larger in radius than an aperture containing the
90% encircled energy fraction. We extract a local back-
ground from an annulus with inner and outer radii 5 and
15 pixels larger than the source extraction region. For
a handful of cases in crowded fields, we manually ad-
just the extraction regions to avoid contamination from
nearby sources. We generate (unweighted) arfs and rmfs
for each spectrum, applying an energy dependent point-
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source aperture correction based on the size of the ex-
traction region and the position on the S3 chip. We
simultaneously fit a multiple blackbody accretion disk
model (phabs*diskbb) to all ULX spectra in Virgo, and
also to all ULX spectra in the Field, using Cash statis-
tics (including the background in the fit), allowing the
normalization and intrinsic absorption to vary for each
spectrum.20 We find inner disk temperatures of kTin =
1.28 ± 0.07 keV (Cash statistic C = 1372/1103 degrees
of freedom) and kTin = 1.20
+0.06
−0.02 keV (C = 1854/1047
degrees of freedom) for Virgo and the Field, respec-
tively. We also simultaneously fit an absorbed powerlaw
model (phabs*powerlaw) to each subsample, again al-
lowing the intrinsic absorption and normalization to vary
for each spectrum. We obtain best-fit photon indices of
1.67±0.07 (C = 1120/1103 degrees of freedom) for Virgo
and 1.77± 0.04 (C = 1210/1047 degrees of freedom) for
the Field. Since both sets of inner disk temperatures and
photon indices are similar, we do not have evidence that
the typical ULX spectrum in early-type galaxies is sub-
stantially different in various large-scale environments.
4. DISCUSSION
The above results are consistent with ULXs in early-
type galaxies representing the luminous tail of the LMXB
population, with little to no dependence on environment.
All of our ULX candidates have LX < 1.3× 1040 erg s−1
(< 8.5× 1039 erg s−1 excluding the five obvious contam-
inants identified in §2.2.2), and we therefore do not find
any exotic IMBH candidates with LX > 10
41 erg s−1
within the AMUSE survey. Furthermore, consistent with
Irwin et al. (2004), we find no statistical evidence for a
population ULXs with LX > 2 × 1039 erg s−1 in early-
type galaxies. Our sample includes only 13 (Virgo)
and 12 (Field) ULXs with LX > 2 × 1039 erg s−1, all
of which could be attributed to being unrelated fore-
ground/background sources (statistically, we expect a
total of 17.6 and 21.9 contaminants in Virgo and the
Field, respectively). Indeed, these 25 sources include
the 5 sources already identified as a star or AGN from
SIMBAD/NED. The paucity of very luminous sources in
early-type galaxies is understood if luminosities in excess
of a few times 1039 erg s−1 require mass transfer from a
high-mass companion star (e.g., King 2002). These types
of sources should therefore be short-lived, and associated
with HMXBs in high-SFR environments (HMXBs tend
to have ages of only ∼50 Myr; see Williams et al. 2013
and references therein).
Our ULX candidates are likely LMXBs observed to-
ward the peak of an X-ray outburst, when the LMXB is
in the very high state (see, e.g., Remillard & McClintock
2006; Fender et al. 2004, 2009 for reviews on LMXB
20 During this process, we found that six ULX candidates in
Virgo and five in the Field include significant amounts of gas within
their spectral extraction regions. Unfortunately, the total number
of counts for these sources is too low to include a gas model to the
fits, and we similarly cannot reliably control for this gas component
from the local background over the full 0.3-7.0 keV band (although
we note that the local background is reliably controlled for when
performing photometry over the hard 2-7 keV band, so that their
identifications as ULXs are secure). Thus, we exclude these con-
taminated spectra from the joint spectral fits, and we also exclude
the four Virgo and one Field sources identified as stars/AGN in
§2.2.2. We thus fit a total of 45 and 44 spectra for Virgo and the
Field, respectively.
outburst phenomenology). We thus expect relatively
soft spectra. Indeed, our best-fit disk temperatures of
1–2 keV are typical for soft-state LMXBs, and from
the M ∝ T−4 relation would seem to exclude sub-
Eddington IMBHs.21 The average best-fit spectral pho-
ton indices (Γ = 1.67±0.07 in Virgo and Γ = 1.77±0.04
in the Field) are also consistent with the range of
photon indices observed for other ULXs in early-type
galaxies that do not require invoking an IMBH to un-
derstand (e.g., Swartz et al. 2004; Berghea et al. 2008;
Brassington et al. 2010).
Our joint spectral fits probably include some ULX can-
didates that are actually unidentified background AGN,
which could potentially bias our best-fit photon indices.
We therefore repeat the joint spectral fits, and we at-
tempt to reduce the background contamination by ex-
cluding all ULX candidates with LX > 2 × 1039 erg s−1
from the fits (note that we cannot identify all contami-
nants on a case-by-case basis, but we expect that most
will be background AGN). Also, since ULXs should be
concentrated toward the center of the galaxy and back-
ground sources will be distributed uniformly across the
sky, we additionally exclude any ULX candidate that
is located at a distance r/r25 >
√
0.5 from the center
of the galaxy (which should remove around half of the
remaining contaminants). These cuts remove 16 Virgo
and 21 Field sources, which is on the same order of the
number of expected contaminants from the cosmic X-ray
background. After excluding additional sources embed-
ded in too much gas to reliably account for their local
background, we refit both the absorbed disk and ab-
sorbed powerlaw models to a total of 36 Virgo and 26
Field ULX candidates. We find similar results as be-
fore, with kTin = 1.29 ± 0.07 keV (C = 1130/902 de-
grees of freedom) for Virgo and kTin = 1.22 ± 0.06 keV
(C = 878/557 degrees of freedom) for the Field, and
Γ = 1.64 ± 0.08 (C = 926/902 degrees of freedom) for
Virgo and Γ = 1.78± 0.08 (C = 642/557 degrees of free-
dom) for the Field. Thus, our spectral fits are unlikely
highly biased by background AGN.
4.1. ULXs in dwarf ellipticals
There is currently no compelling evidence in the liter-
ature for a significant population of ULXs in dwarf el-
liptical galaxies, which could be due to previous studies
not searching through enough early-type galaxies with
low stellar-mass. Following Swartz et al. (2008), we de-
fine any galaxy with a stellar mass M⋆ < 10
9.3 M⊙ as a
dwarf (opposed to the more traditional absolute magni-
tude thresholdMB > −18), in order to ease comparisons
with the ULX literature. For reference, two of the largest
recent ULX surveys — Walton et al. (2011) with XMM-
Newton and Liu (2011) with Chandra — search through
97 and 65 elliptical galaxies respectively, and we estimate
that <15% of those are dwarfs (based on the Bell et al.
2003 relations and B − V colors taken from a combina-
tion of their published catalogs and de Vaucouleurs et al.
21 If stellar mass black holes, we cannot unambiguously esti-
mate black hole masses from the best-fit disk temperatures. Such
high-Eddington ratio sources could instead be accreting from a ge-
ometrically thick ‘slim’ disk (Abramowicz et al. 1988) and would
follow a relation flatter than M ∝ T−4. Also see, e.g., Miller et al.
(2013) for other caveats.
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1991).22 Various sample selection effects also limit the
number of dwarf elliptical galaxies included in the large
Swartz et al. (2008, 2011) ULX surveys to even smaller
numbers.
Combining the Virgo and Field AMUSE samples, our
study includes 72 dwarf ellipticals containing a total stel-
lar mass of M⋆ = 5× 1010 M⊙. This total mass in dwarf
ellipticals represents almost an order of magnitude im-
provement in stellar mass over the Walton et al. (2011)
survey, as estimated from their Figure 10. We find only
one ULX candidate in a dwarf elliptical galaxy in Virgo
(which is unlikely a background/foreground source) and
none in the Field. Thus, even with our larger sam-
ple we do not unambiguously identify a population of
ULXs in dwarf ellipticals. Plus, our lone ULX candi-
date is hosted by VCC1779 (M⋆ = 10
9 M⊙), which
Ferrarese et al. (2006) note has clumpy dust in an HST
image. Ferrarese et al. (2006) speculate that VCC1779
may actually be a dwarf irregular in the process of tran-
sitioning into a dwarf elliptical. If we exclude VCC1779
from our sample, then we would not have recovered any
ULXs in dwarf ellipticals. Whether or not we include
this galaxy does not qualitatively change our conclusions,
since even one ULX is still an insignificant population.
Since we find that elliptical galaxies have Sulx = 0.062
per 1010 M⊙, meaning we expect about 1 ULX per
1.6 × 1011 M⊙, we would need to survey at least three
times more dwarf ellipticals to have a realistic chance of
finding their ULX population.
Although the existence of ULXs in dwarf ellipticals
remains unclear, we do search through enough stellar
mass to determine that the ULX populations in dwarf
ellipticals and in dwarf spirals are statistically differ-
ent. Combining the Virgo and Field samples, we find
Sulx = 0.20
+0.74
−0.19 per 10
10 M⊙ in dwarf ellipticals if we
include VCC1779, and Sulx < 0.61 per 10
10 M⊙ if we ex-
clude VCC1779 (95% confidence limit). The exact ULX
specific frequency in dwarf spirals is somewhat dependent
on the particular sample, but dwarf spirals have a larger
Sulx ≈1–5 per 1010 M⊙ (see Figure 2 in Swartz et al.
2008 and Figure 10 in Walton et al. 2011). Further-
more, when also considering our improved constraints
from 109.3 < M⋆ < 10
10 M⊙, the lack of any correlation
between Sulx and M⋆ for elliptical galaxies (see §3.1 and
Figure 3) further indicates that the ULX population is
different between dwarf ellipticals and dwarf spirals.23
There is an active debate on whether dwarf ellipticals
are the faint extension of the giant elliptical population
(e.g., Graham & Guzma´n 2003; Ferrarese et al. 2006),
or if there is a dichotomy between the two populations
(e.g., Kormendy et al. 2009, and references therein). In
the latter case, dwarf ellipticals may be morphologi-
22 None of the 165 unique ULX detections hosted by ellipticals
in the Walton et al. 2011 catalog appears to live in a galaxy with
M⋆ < 109.3 M⊙. There is one ULX candidate in the Liu (2011)
catalog with LX = 1.2×10
40 – CXOJ100633.962-295617.02 hosted
by NGC3125, which we estimate to have M⋆ = 109 M⊙. Although
NGC3125 is classified as an elliptical galaxy by Liu (2011), as taken
from de Vaucouleurs et al. (1991), it is actually a (starbursting)
dwarf irregular (see, e.g., Hadfield & Crowther 2006).
23 If we exclude VCC1779 from the survival analysis in §3.1,
the statistical significance of any correlation between Sulx and M⋆
becomes even less likely, with p = 0.33 for Virgo (98 galaxies) and
p = 0.62 when combining both Virgo and the Field (194 galaxies).
cally, structurally, and kinematically more similar to late-
type galaxies, potentially leading to a sequence where
(some) dwarf spirals evolve into dwarf ellipticals through
a variety of different environmental mechanisms (e.g.,
Faber & Lin 1983; Moore et al. 1998; Boselli et al. 2008).
The flat trend between Sulx and M⋆ for all early-type
galaxies, combined with the difference in Sulx between
dwarf ellipticals and dwarf spirals, may at first seem to
indicate that dwarf and giant ellipticals form a continu-
ous population. However, a more likely scenario is that
any ULX in a dwarf elliptical does not possess a ‘mem-
ory’ of the galaxy’s evolutionary history. ULXs in dwarf
ellipticals probe only an older stellar population, while
dwarf spirals are undergoing enough current star forma-
tion for ULXs to also probe the shorter-lived HMXBs.
Even if dwarf spirals transition into dwarf ellipticals, af-
ter star formation is quenched, it is then the total stellar
mass that primarily dictates how many LMXBs will ra-
diate above 1039 erg s−1. Indeed, the star formation in
the AMUSE dwarf ellipticals is too small for HMXBs
to contribute to their ULX population. We check their
SFRs by correlating the AMUSE galaxies to the All-Sky
Data Release of the Wide-Field Infrared Survey Explorer
(WISE; Wright et al. 2010), and we find matches (within
3′′) to 41/72 of our dwarf ellipticals (accounting for a
total M⋆ = 3.3× 1010 M⊙). Their WISE colors are con-
sistent with the expected colors of other quiescent galax-
ies in Figure 12 of Wright et al. (2010). To convert the
WISE colors to more physical units, we use the relation
between specific star formation rate and WISE 4.6-12µm
color in Equation 5 of Donoso et al. (2012). No AMUSE
dwarf elliptical shows a SFR larger than 0.021M⊙ yr
−1,
and most are not detected at 12µm yielding upper limits
on their SFRs (typically with SFR< 10−3 M⊙ yr
−1).24
5. SUMMARY
We perform the largest study to date on the ULX pop-
ulation in early-type galaxies, making use of the homoge-
neous X-ray coverage of galaxies included in the AMUSE
survey. In particular, we focus on whether the prop-
erties of ULXs in elliptical galaxies depend on galac-
tic environment. Searching through 99 galaxies in the
Virgo cluster and 96 galaxies in the field, we respectively
identify a total of 55 and 50 non-nuclear X-ray point
sources with LX > 10
39 erg s−1 (0.3-10 keV). Account-
ing for contamination from the cosmic X-ray background,
we calculate nearly identical specific ULX frequencies of
Sulx = 0.063±0.017 and 0.061±0.019 ULXs per 1010 M⊙
in the Virgo and Field samples, respectively. We find
that there are a similar number of ULXs in each envi-
ronment, after correcting for the different stellar mass
distributions of each sample. The average X-ray spec-
tral shapes of the ULX candidates in each sample are
also similar. We thus find no evidence for an environ-
mental dependence on the ULX population in early-type
galaxies.
Our results are consistent with ULXs in early-type
galaxies composing the high-luminosity tail of the
24 We stress that the exact SFR values are uncertain because
they are extrapolated from a relation calibrated to massive star-
burst galaxies, and we quote them simply as a means to report
SFRs in more familiar units than WISE color, and to illustrate
that any star formation is relatively weak.
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galaxy’s LMXB population, meaning that the total num-
ber of ULXs in an early-type galaxy should scale primar-
ily with the galaxy’s stellar mass (Gilfanov 2004). Sup-
port for this conclusion includes the lack of any corre-
lation between specific ULX frequency and stellar mass,
and we also do not find a meaningful population of ULXs
with LX > 2 × 1039 erg s−1 (Irwin et al. 2004). Com-
bining both the Virgo and Field samples, we calculate
Sulx = 0.062 ± 0.013 per 1010 M⊙, or on the order of
one ULX per ∼1.6 × 1011 M⊙, which is similar to pre-
vious constraints on ULXs in early-type galaxies (e.g.,
Walton et al. 2011). We do not probe enough stellar
mass in the lowest-M⋆ galaxies to determine if dwarf el-
lipticals host ULXs. However, we do place the tightest
constraints on the ULX population in dwarf ellipticals so
far (Sulx < 0.61 per 10
10 M⊙), and we determine that
they must contain fewer ULXs per unit stellar mass than
dwarf spiral galaxies.
ULXs in early-type galaxies are likely composed of a
less heterogeneous population of sources than ULXs in
late-type galaxies. Thus, with relatively modest X-ray
exposure times, ULXs in ellipticals offer a clean probe of
a galaxy’s LMXB population, and a means to determine
what galaxy properties beyond star formation rate may
influence stellar mass black hole production and subse-
quent activity. We conclude that environment does not
play a very strong role on ULX rates, and that stellar
mass is the most important factor. Metallicity is po-
tentially another important factor, and the fraction of
black holes with low-mass binary companions is also im-
portant for determining the number of actively accreting
stellar mass black holes in a galaxy. In the future, X-ray
observations of even more dwarf elliptical galaxies are
needed to determine if they host ULXs. Studies com-
paring ULXs to other early-type galaxy properties like,
e.g., metallicity or globular cluster frequency would also
be illuminating.
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TABLE 1
Properties and ULX count rates for 99 AMUSE-Virgo galaxies
Galaxy R.A. Dec. d logM⋆ Chandra r25 e P.A. farea fulx Nbg Nulx nulx
Name (deg.) (deg.) (Mpc) (M⊙) ObsID (′) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
VCC1226 187.444946 8.000417 17.14 12.0 321 5.24 0.58 157 0.725 0.951 2.40 6 3.79+5.12
−3.30
VCC881 186.548904 12.946222 16.83 11.9 318 6.01 0.69 127 0.660 0.922 2.44 3 0.61+4.45
−0.61
VCC1316 187.705917 12.391111 17.22 11.8 3717 3.71 0.36 0 0.870 0.985 1.68 9 7.44+6.03
−4.17
VCC1978 190.915253 11.552611 17.30 11.7 785 3.46 0.61 104 0.939 0.996 1.36 7 5.66+5.39
−3.54
VCC763 186.265503 12.887000 18.45 11.7 6131 3.88 0.49 132 0.970 0.998 2.30 4 1.70+4.16
−1.70
VCC731 186.117493 7.317500 23.33 11.7 5921 2.62 0.69 40 1.000 1.000 1.63 4 2.37+4.10
−2.31
VCC798 186.350174 18.190527 17.86 11.6 2016 3.54 0.63 0 0.981 0.999 1.58 3 1.42+3.82
−1.42
VCC1903 190.509995 11.646667 14.93 11.3 2068 2.34 0.71 164 1.000 1.000 0.39 1 0.61+2.98
−0.61
VCC1632 188.915924 12.556278 15.85 11.3 2072 4.35 0.21 0 0.819 0.971 1.82 4 2.24+4.22
−2.21
VCC1535 188.512909 7.699722 16.50 11.0 3925 3.38 0.93 163 1.000 1.000 0.54 1 0.46+3.03
−0.46
VCC1154 187.250122 13.978583 16.07 10.9 2927 2.18 0.65 108 1.000 1.000 0.00 0 · · ·
VCC2092 193.072922 11.313889 16.14 10.9 8038 2.08 0.88 22 0.981 0.999 0.00 0 · · ·
VCC1231 187.453629 13.429361 15.28 10.8 4688 2.18 0.81 100 1.000 1.000 0.00 0 · · ·
VCC759 186.231247 11.704166 16.98 10.8 8040 1.95 0.88 96 1.000 1.000 0.26 1 0.74+2.94
−0.74
VCC1030 186.918716 13.078944 16.75 10.8 8042 1.55 0.71 12 1.000 1.000 0.24 1 0.76+2.94
−0.76
VCC575 185.680466 8.198250 22.08 10.8 8073 0.37 0.74 65 1.000 1.000 0.00 0 · · ·
VCC1062 187.016251 9.803889 15.28 10.7 8037 2.13 0.93 87 1.000 1.000 0.00 0 · · ·
VCC685 185.991257 16.693611 16.50 10.6 4015 1.41 0.88 29 1.000 1.000 0.00 0 · · ·
VCC1664 189.111908 11.439055 15.85 10.6 4008 1.62 0.84 48 1.000 1.000 0.00 0 · · ·
VCC1692 189.222488 7.246389 17.06 10.6 8041 1.86 0.97 159 1.000 1.000 0.00 0 · · ·
VCC1938 190.697495 11.442500 17.46 10.5 8046 1.17 0.76 122 1.000 1.000 0.00 0 · · ·
VCC1279 187.572449 12.328861 16.98 10.5 8047 0.89 0.58 137 1.000 1.000 0.09 1 0.91+2.90
−0.90
VCC369 184.939255 12.798417 15.85 10.4 8039 1.35 0.72 143 1.000 1.000 0.15 2 1.85+3.46
−1.55
VCC2000 191.133133 11.190306 15.00 10.4 8043 1.09 0.65 100 1.000 1.000 0.09 1 0.91+2.90
−0.90
VCC654 185.897003 16.722860 16.50 10.4 8045 1.41 0.78 90 1.000 1.000 0.00 0 · · ·
VCC944 186.710541 9.583889 16.00 10.4 8125 1.51 0.93 49 1.000 1.000 0.00 0 · · ·
VCC1720 189.377548 9.555223 16.29 10.4 8048 1.26 0.72 33 1.000 1.000 0.14 1 0.86+2.91
−0.86
VCC1883 190.386246 7.314722 16.60 10.4 8051 1.32 0.72 135 1.000 1.000 0.16 1 0.84+2.92
−0.84
VCC1025 186.902954 8.154111 22.44 10.4 8060 0.74 0.30 0 1.000 1.000 0.16 2 1.84+3.46
−1.55
VCC355 184.877548 14.878166 15.42 10.3 8049 0.91 0.49 145 1.000 1.000 0.00 0 · · ·
VCC1242 187.472870 14.068611 15.56 10.3 8052 1.20 0.74 79 1.000 1.000 0.00 0 · · ·
VCC784 186.311462 15.607555 15.85 10.3 8053 0.95 0.58 103 1.000 1.000 0.09 1 0.91+2.90
−0.90
VCC1619 188.877533 12.220944 15.49 10.2 8050 1.55 0.97 178 1.000 1.000 0.00 0 · · ·
VCC778 186.301132 14.762167 17.78 10.2 8055 0.83 0.63 179 1.000 1.000 0.00 0 · · ·
VCC828 186.423752 12.810555 17.95 10.2 8056 0.81 0.81 137 1.000 1.000 0.00 0 · · ·
VCC1250 187.496246 12.348611 17.62 10.2 8057 0.87 0.74 28 1.000 1.000 0.00 0 · · ·
VCC1630 188.908203 12.264028 16.14 10.2 8058 0.89 0.67 66 1.000 1.000 0.00 0 · · ·
VCC1537 188.525421 11.321389 15.85 10.1 8054 0.81 0.84 5 1.000 1.000 0.00 0 · · ·
VCC1321 187.717545 16.759056 15.42 10.1 8126 0.89 0.41 0 1.000 1.000 0.00 0 · · ·
VCC1303 187.669327 9.015528 16.75 10.1 8061 0.83 0.86 73 1.000 1.000 0.00 0 · · ·
VCC1913 190.544586 7.676944 17.38 10.1 8062 1.09 0.94 175 1.000 1.000 0.00 0 · · ·
VCC1327 187.739838 12.271444 18.28 10.1 8063 0.48 0.45 25 1.000 1.000 0.00 0 · · ·
VCC1283 187.576660 13.578028 17.38 10.1 8066 0.74 0.49 12 1.000 1.000 0.00 0 · · ·
VCC1146 187.239838 13.241889 16.37 10.0 8059 0.83 0.36 0 1.000 1.000 0.00 0 · · ·
VCC698 186.020844 11.218333 18.71 10.0 8068 0.83 0.88 102 1.000 1.000 0.00 0 · · ·
VCC1125 187.180710 11.755834 16.50 9.9 8064 1.62 0.98 32 1.000 1.000 0.00 0 · · ·
VCC1475 188.270630 16.265528 16.60 9.9 8065 0.69 0.61 15 1.000 1.000 0.00 0 · · ·
VCC1178 187.338745 8.156389 15.85 9.9 8127 0.51 0.67 14 1.000 1.000 0.00 0 · · ·
VCC1261 187.543289 10.779472 18.11 9.8 8067 0.76 0.83 136 1.000 1.000 0.00 0 · · ·
VCC1297 187.632706 12.490556 16.29 9.7 4007 0.19 0.21 0 1.000 1.000 0.00 0 · · ·
VCC9 182.343079 13.992528 17.14 9.7 8072 0.66 0.63 129 1.000 1.000 0.00 0 · · ·
VCC1422 188.059204 10.251389 15.35 9.6 8069 0.67 0.45 176 1.000 1.000 0.00 0 · · ·
VCC2048 191.813843 10.203611 16.50 9.6 8070 0.97 0.92 20 1.000 1.000 0.00 0 · · ·
VCC1087 187.062073 11.790000 16.67 9.6 8078 0.62 0.69 102 1.000 1.000 0.04 1 0.96+2.92
−0.91
VCC437 185.203415 17.487055 17.14 9.6 8085 0.67 0.87 80 1.000 1.000 0.00 0 · · ·
VCC1871 190.315506 11.387083 15.49 9.5 8071 0.32 0.65 0 1.000 1.000 0.00 0 · · ·
VCC1910 190.536209 11.754139 16.07 9.5 8074 0.51 0.36 0 1.000 1.000 0.00 0 · · ·
VCC856 186.490875 10.053555 16.83 9.5 8128 0.46 0.36 0 1.000 1.000 0.00 0 · · ·
VCC1861 190.243927 11.184556 16.14 9.5 8079 0.51 0.36 0 1.000 1.000 0.00 0 · · ·
VCC1431 188.097382 11.262834 16.14 9.5 8081 0.51 0.00 0 1.000 1.000 0.00 0 · · ·
VCC1192 187.375824 7.992778 16.50 9.5 8095 0.31 0.58 62 1.000 1.000 0.00 0 · · ·
VCC1695 189.228638 12.520139 16.52 9.5 8083 0.60 0.49 80 1.000 1.000 0.00 0 · · ·
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TABLE 1 — Continued
Galaxy R.A. Dec. d logM⋆ Chandra r25 e P.A. farea fulx Nbg Nulx nulx
Name (deg.) (deg.) (Mpc) (M⊙) ObsID (′) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
VCC140 183.802414 14.433084 16.37 9.4 8076 0.64 0.71 179 1.000 1.000 0.00 0 · · ·
VCC1355 187.833496 14.114861 16.90 9.4 8077 0.49 0.65 20 1.000 1.000 0.00 0 · · ·
VCC543 185.581451 14.760722 15.70 9.4 8080 0.63 0.83 121 1.000 1.000 0.00 0 · · ·
VCC2019 191.335083 13.692500 17.06 9.4 8129 0.62 0.67 150 1.000 1.000 0.00 0 · · ·
VCC571 185.671417 7.950305 23.77 9.4 8088 0.48 0.85 104 1.000 1.000 0.00 0 · · ·
VCC751 186.201416 18.195000 15.78 9.4 8103 0.56 0.67 133 1.000 1.000 0.00 0 · · ·
VCC1528 188.465088 13.322583 16.29 9.3 8082 0.48 0.41 0 1.000 1.000 0.00 0 · · ·
VCC1833 190.081879 15.935333 16.22 9.3 8084 0.35 0.52 169 1.000 1.000 0.00 0 · · ·
VCC1545 188.548080 12.048862 16.83 9.2 8094 0.54 0.69 69 1.000 1.000 0.00 0 · · ·
VCC200 184.140335 13.031417 18.20 9.2 8087 0.42 0.49 0 1.000 1.000 0.00 0 · · ·
VCC1075 187.051208 10.297500 16.14 9.2 8096 0.39 0.72 31 1.000 1.000 0.00 0 · · ·
VCC1440 188.139130 15.415334 16.00 9.2 8099 0.47 0.30 0 1.000 1.000 0.00 0 · · ·
VCC1512 188.393997 11.261889 18.37 9.2 8112 0.29 0.71 48 1.000 1.000 0.00 0 · · ·
VCC1627 188.905212 12.381917 15.63 9.1 8098 0.29 0.30 0 1.000 1.000 0.00 0 · · ·
VCC1828 190.055756 12.874722 16.83 9.1 8104 0.44 0.65 165 1.000 1.000 0.00 0 · · ·
VCC1407 188.011200 11.890223 16.75 9.1 8131 0.38 0.65 154 1.000 1.000 0.00 0 · · ·
VCC1185 187.347626 12.450666 16.90 9.1 8110 0.32 0.61 13 1.000 1.000 0.00 0 · · ·
VCC1049 186.978577 8.090333 16.00 9.0 8075 0.34 0.61 47 1.000 1.000 0.00 0 · · ·
VCC21 182.596619 10.188222 16.50 9.0 8089 0.36 0.81 103 1.000 1.000 0.00 0 · · ·
VCC1488 188.306000 9.397166 16.50 9.0 8090 0.46 0.81 74 1.000 1.000 0.00 0 · · ·
VCC1779 189.769470 14.730972 16.50 9.0 8091 0.52 0.80 43 1.000 1.000 0.02 1 0.98+2.92
−0.92
VCC1895 190.466660 9.402861 15.85 9.0 8092 0.45 0.89 38 1.000 1.000 0.00 0 · · ·
VCC1857 190.221252 10.476111 16.50 9.0 8130 0.69 0.78 140 1.000 1.000 0.00 0 · · ·
VCC2050 191.836212 12.166306 15.78 9.0 8101 0.46 0.81 125 1.000 1.000 0.00 0 · · ·
VCC1993 191.050079 12.941694 16.52 9.0 8102 0.35 0.30 0 1.000 1.000 0.00 0 · · ·
VCC1199 187.395721 8.058722 16.50 9.0 8107 0.17 0.49 150 1.000 1.000 0.00 0 · · ·
VCC1661 189.103378 10.384611 15.85 9.0 8044 0.40 0.21 0 1.000 1.000 0.00 0 · · ·
VCC33 182.782333 14.274944 15.07 8.9 8086 0.31 0.45 53 1.000 1.000 0.00 0 · · ·
VCC230 184.331833 11.943389 17.78 8.9 8100 0.32 0.63 38 1.000 1.000 0.00 0 · · ·
VCC538 185.561783 7.166889 22.91 8.9 8105 0.22 0.41 0 1.000 1.000 0.00 0 · · ·
VCC1743 189.528214 10.082389 17.62 8.9 8108 0.40 0.90 124 1.000 1.000 0.00 0 · · ·
VCC1539 188.528214 12.741694 16.90 8.9 8109 0.37 0.41 0 1.000 1.000 0.00 0 · · ·
VCC1499 188.332458 12.853556 16.50 8.8 8093 0.36 0.58 55 1.000 1.000 0.00 0 · · ·
VCC1948 190.741760 10.681806 16.50 8.8 8097 0.34 0.72 97 1.000 1.000 0.00 0 · · ·
VCC1886 190.414215 12.247889 16.50 8.8 8106 0.49 0.81 2 1.000 1.000 0.00 0 · · ·
VCC1826 190.046844 9.896083 16.22 8.8 8111 0.29 0.65 125 1.000 1.000 0.00 0 · · ·
VCC1489 188.307663 10.928778 16.50 8.7 8113 0.30 0.84 63 1.000 1.000 0.00 0 · · ·
Note. — Rows are sorted in order of decreasing stellar mass. Columns 1–6 are taken directly from Gallo et al. (2008, 2010) (also
see §2). Column 7: the radius of the semi-major axis of each galaxy’s D25 isophote in the B-band corrected for extinction, taken from
the HyperLeda database. Column 8: the eccentricity of the D25 isophote, calculated from the ratio of semi-major to semi-minor axis
listed in the HyperLeda database. Column 9: position angle of the D25 isophote’s major axis, measured in degrees eastward of north.
Column 10: areal fraction of each galaxy’s D25 isophote that is covered by the ACIS-S3 chip (see §2.2.1). Column 11: fraction of ULXs
within each D25 isophote expected to be covered by the ACIS-S3 chip (see §2.2.1). Column 12: the number of background sources with
LX > 10
39 erg s−1 statistically expected to fall within the fraction of each galaxy’s D25 isophote covered by the ACIS-S3 chip, based
on the cosmic X-ray background from Moretti et al. (2003) (see §2.2.2). Column 13: the number of ULX candidates detected within the
fraction of each D25 isophote covered by the ACIS-S3 chip. Column 14: the expected number of (net) ULXs expected for each galaxy,
statistically corrected for background contamination and chip coverage. nulx =
(
Nulx −Nbg
)
/fulx (see §3.1). Uncertainties are quoted
at the 90% confidence level from Poisson statistics, taking the expected number of background sources into account using the Bayesian
formalism by Kraft et al. (1991).
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TABLE 2
Properties and ULX count rates for 96 AMUSE-Field galaxies
Galaxy R.A. Dec. d logM⋆ Chandra r25 e P.A. farea fulx Nbg Nulx nulx
Name (deg.) (deg.) (Mpc) (M⊙) ObsID (′) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
NGC1407 55.049583 −18.580278 23.20 11.5 791 3.15 0.41 0 0.928 0.994 2.71 7 4.31+5.28
−3.50
NGC2768 137.906250 60.037222 23.10 11.5 9528 2.94 0.92 92 1.000 1.000 1.10 2 0.90+3.48
−0.90
NGC4125 182.025000 65.174167 22.90 11.4 2071 3.01 0.63 95 0.934 0.995 1.00 1 0.00+3.29
−0.00
NGC5846 226.622083 1.605556 26.20 11.4 788 2.34 0.30 0 1.000 1.000 2.23 3 0.77+4.02
−0.77
NGC3923 177.757083 −28.806111 20.40 11.4 9507 3.88 0.75 48 1.000 1.000 2.33 4 1.67+4.16
−1.67
NGC4697 192.149583 −5.800833 17.80 11.4 4730 3.62 0.81 83 1.000 1.000 1.27 2 0.73+3.54
−0.73
NGC4494 187.850417 25.775278 20.90 11.4 2079 2.23 0.30 0 1.000 1.000 1.19 2 0.81+3.51
−0.81
IC1459 344.294167 −36.462222 23.20 11.4 2196 2.34 0.71 43 1.000 1.000 1.25 3 1.75+3.75
−1.75
NGC5077 199.882083 −12.656944 40.20 11.3 11780 1.41 0.63 4 1.000 1.000 1.54 3 1.46+3.80
−1.46
NGC0720 28.252083 −13.738611 22.80 11.2 7372 2.23 0.85 141 1.000 1.000 0.81 2 1.19+3.40
−1.19
NGC0821 32.087917 10.995000 25.00 11.1 6313 1.44 0.52 26 1.000 1.000 0.68 2 1.32+3.38
−1.32
NGC3585 168.321250 −26.754722 17.80 11.1 9506 3.54 0.87 104 0.944 0.996 0.00 0 · · ·
NGC3379 161.956667 12.581667 13.60 11.1 7073 2.51 0.49 71 1.000 1.000 0.43 5 4.57+4.72
−2.87
NGC4636 190.707500 2.687778 14.50 11.1 323 3.30 0.67 149 0.953 0.997 0.72 1 0.28+3.13
−0.28
NGC7507 348.031667 −28.539722 21.00 11.1 11344 1.82 0.30 0 0.987 0.999 0.78 1 0.22+3.16
−0.22
NGC1332 51.572083 −21.335278 20.00 11.1 4372 2.75 0.69 121 1.000 1.000 1.22 2 0.78+3.52
−0.78
NGC1052 40.270000 −8.255833 19.70 11.1 5910 1.51 0.71 109 1.000 1.000 0.35 2 1.65+3.39
−1.52
NGC4203 183.771250 33.197222 18.10 11.1 10535 1.69 0.91 10 1.000 1.000 0.00 0 · · ·
NGC3610 169.605417 58.786389 27.80 11.0 7141 1.20 0.00 0 1.000 1.000 0.70 1 0.30+3.11
−0.30
NGC3640 170.278750 3.234722 19.00 10.9 7142 2.29 0.49 97 1.000 1.000 0.00 0 · · ·
NGC4291 185.075833 75.370833 28.70 10.9 11778 1.02 0.56 107 1.000 1.000 0.45 2 1.55+3.36
−1.51
NGC5576 215.265417 3.271111 22.70 10.8 11781 1.48 0.75 89 1.000 1.000 0.00 0 · · ·
NGC5638 217.418333 3.233333 24.80 10.8 11313 1.02 0.49 154 1.000 1.000 0.00 0 · · ·
NGC3384 162.070417 12.629167 13.10 10.8 11782 2.62 0.89 53 0.945 0.996 0.00 0 · · ·
NGC3115 151.308333 −7.718611 8.40 10.8 12095 3.62 0.90 42 0.800 0.961 0.00 0 · · ·
NGC5831 226.029167 1.220000 24.90 10.7 11314 1.23 0.45 128 1.000 1.000 0.00 0 · · ·
NGC3193 154.603750 21.893889 20.80 10.7 11360 1.23 0.41 0 1.000 1.000 0.00 0 · · ·
NGC1439 56.208333 −21.920556 21.30 10.6 11346 1.55 0.30 0 1.000 1.000 0.60 2 1.40+3.36
−1.40
NGC5582 215.179583 39.693611 23.90 10.6 11361 1.09 0.78 23 1.000 1.000 0.00 0 · · ·
NGC1340 52.082083 −31.068056 12.80 10.6 11345 2.56 0.79 167 0.913 0.992 0.00 0 · · ·
NGC4278 185.028333 29.280833 11.30 10.6 7081 1.51 0.21 0 1.000 1.000 0.00 0 · · ·
NGC2778 138.101667 35.027500 30.90 10.5 11777 0.66 0.65 47 1.000 1.000 0.20 1 0.80+2.93
−0.80
NGC4648 190.435000 74.420833 25.70 10.5 11362 0.72 0.56 73 1.000 1.000 0.00 0 · · ·
NGC3377 161.926250 13.985833 10.60 10.5 2934 1.99 0.88 37 1.000 1.000 0.00 0 · · ·
NGC4742 192.950000 −10.454722 17.90 10.4 11779 1.12 0.76 75 1.000 1.000 0.13 1 0.87+2.91
−0.87
NGC1426 55.704583 −22.108333 18.00 10.4 11347 1.44 0.74 112 1.000 1.000 0.00 0 · · ·
NGC6017 239.314167 5.998333 27.30 10.3 11363 0.44 0.36 0 1.000 1.000 0.00 0 · · ·
NGC5845 226.503333 1.633889 21.90 10.3 4009 0.54 0.71 152 1.000 1.000 0.00 0 · · ·
NGC1172 45.400000 −14.836667 19.90 10.2 11348 1.23 0.69 30 1.000 1.000 0.24 1 0.76+2.94
−0.76
NGC3457 163.702500 17.621111 17.70 10.1 11364 0.51 0.30 0 1.000 1.000 0.00 0 · · ·
NGC4283 185.086667 29.310833 16.40 10.1 7081 0.64 0.41 0 1.000 1.000 0.00 0 · · ·
ESO576-076 202.678750 −22.421111 23.00 10.0 11316 0.89 0.86 165 1.000 1.000 0.00 0 · · ·
NGC3641 170.286667 3.194722 25.50 10.0 7142 0.52 0.56 178 1.000 1.000 0.00 0 · · ·
NGC4121 181.985833 65.113889 24.00 10.0 2071 0.26 0.45 65 1.000 1.000 0.00 0 · · ·
UGC07767 188.885000 73.674722 23.20 10.0 11367 0.44 0.30 0 1.000 1.000 0.00 0 · · ·
IC1729 26.980417 −26.892222 17.50 10.0 11349 1.12 0.83 141 1.000 1.000 0.00 0 · · ·
UGC05955 163.017917 71.773056 21.70 9.7 11370 0.66 0.00 0 1.000 1.000 0.00 0 · · ·
NGC2970 145.879583 31.976944 25.20 9.6 11369 0.44 0.49 64 1.000 1.000 0.00 0 · · ·
NGC3522 166.668750 20.085556 18.80 9.6 11371 0.59 0.85 114 1.000 1.000 0.00 0 · · ·
NGC4627 190.498750 32.573611 10.40 9.6 797 1.20 0.71 27 1.000 1.000 0.00 0 · · ·
NGC1370 53.810833 −20.373611 12.60 9.6 11350 0.76 0.82 50 1.000 1.000 0.00 0 · · ·
PGC056821 240.697917 19.787222 26.20 9.6 11373 0.38 0.45 117 1.000 1.000 0.00 0 · · ·
NGC1097A 41.541250 −30.228056 16.20 9.5 1611 0.51 0.83 100 1.000 1.000 0.00 0 · · ·
NGC3073 150.217083 55.618889 20.30 9.4 7851 0.60 0.45 121 1.000 1.000 0.00 0 · · ·
NGC1331 51.617917 −21.355278 14.80 9.4 4372 0.48 0.52 11 1.000 1.000 0.00 0 · · ·
PGC042748 190.734583 3.676667 14.60 9.2 11318 0.39 0.45 123 1.000 1.000 0.00 0 · · ·
NGC4308 185.487083 30.074444 11.30 9.2 7853 0.48 0.69 14 1.000 1.000 0.00 0 · · ·
PGC3119319 226.642917 1.558889 22.90 9.2 788 0.24 0.61 140 1.000 1.000 0.00 0 · · ·
NGC7077 322.498333 2.414167 17.10 9.1 7854 0.48 0.79 12 1.000 1.000 0.00 0 · · ·
IC0225 36.617917 1.160556 21.10 9.1 11351 0.52 0.45 154 1.000 1.000 0.00 0 · · ·
PGC132768 5.767500 −27.926944 19.80 9.0 11354 0.47 0.85 113 1.000 1.000 0.00 0 · · ·
NGC5099 200.331667 −13.042500 18.50 8.9 11319 0.37 0.52 50 1.000 1.000 0.00 0 · · ·
PGC1210284 227.312500 1.921389 26.10 8.8 11377 0.30 0.78 87 1.000 1.000 0.00 0 · · ·
PGC064718 306.890833 −55.090278 11.90 8.8 11342 0.22 0.85 47 1.000 1.000 0.00 0 · · ·
PGC1209872 226.460833 1.908333 25.90 8.8 11379 0.27 0.63 177 1.000 1.000 0.00 0 · · ·
PGC028305 147.545833 28.013056 22.20 8.7 11376 0.27 0.58 63 1.000 1.000 0.00 0 · · ·
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TABLE 2 — Continued
Galaxy R.A. Dec. d logM⋆ Chandra r25 e P.A. farea fulx Nbg Nulx nulx
Name (deg.) (deg.) (Mpc) (M⊙) ObsID (′) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC1242097 224.692083 2.969167 26.80 8.7 11375 0.22 0.49 129 1.000 1.000 0.00 0 · · ·
PGC740586 347.945000 −28.529167 18.40 8.7 11344 0.38 0.83 116 1.000 1.000 0.00 0 · · ·
PGC042173 189.451250 −1.344722 22.30 8.6 11320 0.31 0.80 50 1.000 1.000 0.00 0 · · ·
PGC042737 190.711667 12.308611 25.70 8.6 11322 0.32 0.84 44 1.000 1.000 0.00 0 · · ·
PGC1216386 226.102917 2.114722 26.30 8.5 11381 0.24 0.84 97 1.000 1.000 0.00 0 · · ·
PGC030133 154.756250 21.283611 16.70 8.4 11378 0.28 0.78 85 1.000 1.000 0.00 0 · · ·
PGC1202458 227.755417 1.680556 25.70 8.4 11380 0.24 0.58 171 1.000 1.000 0.00 0 · · ·
PGC1230503 225.934583 2.552222 26.50 8.4 11382 0.19 0.69 122 1.000 1.000 0.00 0 · · ·
6dFJ2049400-324154 312.416667 −32.698056 23.30 8.4 11357 0.19 0.69 0 1.000 1.000 0.00 0 · · ·
SDSSJ145828.64+013234.6 224.619167 1.543056 22.50 8.3 11325 0.25 0.52 154 1.000 1.000 0.00 0 · · ·
SDSSJ150812.35+012959.7 227.051667 1.499722 24.40 8.3 11384 0.20 0.21 0 1.000 1.000 0.00 0 · · ·
SDSSJ150907.83+004329.7 227.282917 0.725000 25.00 8.1 11383 0.38 0.95 133 1.000 1.000 0.00 0 · · ·
PGC042724 190.689167 3.430556 10.10 8.1 11331 0.31 0.85 95 1.000 1.000 0.00 0 · · ·
PGC1179083 226.099167 0.918333 24.80 8.0 11330 0.17 0.45 127 1.000 1.000 0.00 0 · · ·
PGC3097911 40.356250 −8.126944 18.50 8.0 11355 0.35 0.72 0 1.000 1.000 0.00 0 · · ·
PGC1206166 227.094583 1.798611 25.10 8.0 11385 0.22 0.91 139 1.000 1.000 0.00 0 · · ·
SDSSJ150233.03+015608.3 225.637500 1.935556 24.70 8.0 11329 0.19 0.69 17 1.000 1.000 0.00 0 · · ·
PGC042596 190.438333 4.006667 12.30 8.0 11335 0.27 0.78 53 1.000 1.000 0.00 0 · · ·
PGC135818 195.934167 2.039722 14.60 7.9 11334 0.35 0.88 46 1.000 1.000 0.00 0 · · ·
PGC135829 202.891667 2.188611 20.20 7.9 11333 0.14 0.63 5 1.000 1.000 0.00 0 · · ·
PGC135659 40.794167 0.262778 12.80 7.9 11358 0.32 0.80 2 1.000 1.000 0.00 0 · · ·
SDSSJ150100.85+010049.8 225.253750 1.013889 26.20 7.9 11327 0.21 0.79 113 1.000 1.000 0.00 0 · · ·
PGC1223766 224.670417 2.339722 23.90 7.9 11337 0.13 0.52 69 1.000 1.000 0.00 0 · · ·
SDSSJ145944.77+020752.1 224.936667 2.131111 22.00 7.9 11336 0.17 0.21 0 1.000 1.000 0.00 0 · · ·
PGC085239 338.055417 −41.169444 20.20 7.8 11341 0.31 0.61 162 1.000 1.000 0.00 0 · · ·
SDSSJ150033.02+021349.1 225.137500 2.230278 19.50 7.8 11324 0.30 0.61 31 1.000 1.000 0.00 0 · · ·
PGC042454 190.107917 4.050278 12.10 7.8 11340 0.21 0.49 21 1.000 1.000 0.00 0 · · ·
PGC1217593 227.005833 2.151111 16.50 7.8 11386 0.17 0.71 36 1.000 1.000 0.00 0 · · ·
PGC043421 192.530417 2.248056 15.90 7.7 11338 0.26 0.58 149 1.000 1.000 0.00 0 · · ·
PGC1192611 225.617083 1.364167 22.80 7.7 11339 0.14 0.52 0 1.000 1.000 0.00 0 · · ·
Note. — Columns 1–6 are taken directly from Miller et al. (2012a). Otherwise, see notes to Table 1.
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TABLE 3
ULX Candidates in the Virgo Sample
Host R.A. Dec. r/r25 Net Counts Exp Count Rate Band fX × 10
15 logLX
Galaxy (deg.) (deg.) (ks) (ks−1) (erg s−1 cm−2) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
VCC1226 187.454214 7.980932 0.25 27.63 ± 8.65 33.5 0.824± 0.258 hard 33.43 39.1
· · · 187.441978 7.987602 0.16 22.45 ± 7.79 33.7 0.665± 0.231 hard 27.00 39.0
· · · 187.445557 7.998682 0.02 24.86 ± 8.20 32.4 0.768± 0.253 hard 31.17 39.0
· · · 187.426329 8.002192 0.25 48.99± 11.51 33.8 1.449± 0.341 hard 58.81 39.3
· · · 187.461945 8.002741 0.24 22.25 ± 7.76 33.5 0.664± 0.232 hard 26.94 39.0
· · · 187.423289 8.004014 0.29 23.01 ± 7.89 33.8 0.681± 0.234 hard 27.64 39.0
VCC881 186.548845 12.947018 0.01 17.23 ± 6.83 18.6 0.926± 0.367 hard 37.64 39.1
· · · 186.539326 12.951517 0.11 13.91+7.86
−5.52 18.8 0.741
+0.419
−0.294 hard 30.11 39.0
· · · 186.539068 12.932779 0.23 35.20 ± 9.76 16.9 2.086± 0.578 hard 84.81 39.5
VCC1316 187.686191 12.367071 0.51 17.11 ± 6.80 18.1 0.945± 0.376 hard 38.41 39.1
· · · 187.708824 12.383605 0.13 13.40+7.75
−5.40 18.1 0.739
+0.427
−0.298 hard 30.02 39.0
· · · 187.706819 12.392690 0.03 32.56 ± 9.39 18.1 1.795± 0.518 hard 72.98 39.4
· · · 187.705104 12.392914 0.03 21.54 ± 7.63 18.1 1.187± 0.421 hard 48.25 39.2
· · · 187.698699 12.393042 0.13 34.96 ± 9.73 18.2 1.925± 0.536 hard 78.23 39.4
· · · 187.696403 12.404421 0.27 28.07 ± 8.72 18.1 1.551± 0.482 hard 63.05 39.3
· · · 187.686244 12.409661 0.45 27.49 ± 8.62 18.1 1.522± 0.477 hard 61.85 39.3
· · · 187.711691 12.417214 0.43 15.98 ± 6.58 16.0 0.998± 0.411 hard 40.55 39.2
· · · 187.704907 12.434536 0.70 254.50 ± 26.24 17.6 14.427 ± 1.488 full 88.15 39.5
VCC1978 190.905347 11.528864 0.56 36.94± 10.00 34.1 1.082± 0.293 hard 43.96 39.2
· · · 190.935657 11.530816 0.56 29.79 ± 8.98 33.9 0.878± 0.265 hard 35.68 39.1
· · · 190.937493 11.542691 0.42 28.58 ± 8.79 34.0 0.842± 0.259 hard 34.19 39.1
· · · 190.945955 11.543625 0.54 142.37 ± 19.63 33.8 4.212± 0.581 full 25.26 39.0
· · · 190.888811 11.544453 0.51 36.28 ± 9.91 34.2 1.059± 0.289 hard 43.04 39.2
· · · 190.943416 11.560320 0.53 20.63 ± 7.47 26.4 0.782± 0.283 hard 31.78 39.1
· · · 190.891880 11.561660 0.43 34.55 ± 9.67 34.3 1.009± 0.282 hard 40.97 39.2
VCC763a 186.299598 12.864882 0.62 1206.77 ± 57.14 38.9 31.014 ± 1.469 full 277.00 40.1
· · · 186.265546 12.880122 0.11 23.29 ± 7.94 39.0 0.597± 0.204 hard 25.03 39.0
· · · 186.267207 12.886588 0.03 26.02 ± 8.39 39.1 0.665± 0.214 hard 27.86 39.1
· · · 186.264516 12.888642 0.03 29.78 ± 8.98 39.1 0.762± 0.230 hard 31.91 39.1
VCC731 186.109765 7.281500 0.92 137.26 ± 19.27 39.0 3.520± 0.494 full 31.76 39.3
· · · 186.106857 7.296205 0.56 63.19± 13.08 39.2 1.613± 0.334 full 14.55 39.0
· · · 186.118553 7.308651 0.25 112.49 ± 17.45 39.1 2.873± 0.446 full 25.92 39.2
· · · 186.124207 7.321338 0.18 28.39 ± 8.76 39.0 0.729± 0.225 hard 30.71 39.3
VCC798 186.353931 18.201596 0.20 35.34 ± 9.78 39.0 0.905± 0.251 hard 36.80 39.1
· · · 186.334636 18.217093 0.55 154.50 ± 20.45 37.2 4.155± 0.550 full 25.34 39.0
· · · a 186.321537 18.229593 0.89 470.48 ± 35.68 30.4 15.488 ± 1.175 full 94.46 39.6
VCC1903 190.509335 11.646982 0.02 28.78 ± 8.82 23.7 1.215± 0.373 hard 49.38 39.1
VCC1632 188.940688 12.550670 0.35 314.19 ± 29.16 53.5 5.875± 0.545 full 35.93 39.0
· · · 188.930745 12.552648 0.21 43.97± 10.91 53.7 0.819± 0.203 hard 33.28 39.0
· · · 188.908557 12.557779 0.10 61.02± 12.85 51.9 1.175± 0.247 hard 47.75 39.2
· · · 188.921714 12.580911 0.35 346.32 ± 30.61 53.8 6.442± 0.569 full 39.42 39.1
VCC1535 188.513557 7.699336 0.03 35.81 ± 9.84 38.4 0.933± 0.257 hard 37.88 39.1
VCC759 186.205383 11.697602 0.98 31.59 ± 9.25 4.8 6.516± 1.907 full 50.85 39.2
VCC1030 186.919832 13.079730 0.06 19.66 ± 7.29 4.9 4.012± 1.488 full 31.60 39.0
VCC1279 187.575243 12.323018 0.45 19.48 ± 7.26 4.7 4.146± 1.545 full 32.57 39.1
VCC369 184.937125 12.796705 0.17 22.68 ± 7.83 5.1 4.446± 1.535 full 35.06 39.0
· · · 184.938564 12.798283 0.04 33.12 ± 9.47 5.1 6.495± 1.856 full 51.22 39.2
VCC2000 191.116194 11.189249 0.93 39.13± 10.29 5.1 7.722± 2.030 full 59.74 39.2
VCC1720 189.364835 9.559671 0.90 19.97 ± 7.35 5.1 3.927± 1.446 full 30.23 39.0
VCC1883b 190.403233 7.315625 0.98 44.81± 11.01 5.1 8.848± 2.174 full 68.08 39.4
VCC1025 186.904161 8.149520 0.39 15.70 ± 6.52 4.9 3.210± 1.332 full 24.61 39.2
· · · 186.912572 8.154683 0.81 40.86± 10.52 5.1 8.029± 2.066 full 61.57 39.6
VCC784a 186.295578 15.606912 0.98 58.32± 12.56 5.1 11.490 ± 2.475 full 90.11 39.4
VCC1087 187.061056 11.788345 0.25 22.59 ± 7.82 5.1 4.425± 1.531 full 34.70 39.1
VCC1779 189.770017 14.733455 0.35 29.42 ± 8.92 4.9 6.014± 1.824 full 46.93 39.2
Note. — Columns 1–3: host galaxy, right ascension and declination repeated from Table 1. Column 4: angular distance of each ULX candidate
from the center of the galaxy, reported as the normalized semi-major axis of an elliptical isophote that includes the ULX, assuming concentric
isophotes with the same eccentricity and position angle as the D25 isophote. Column 5: total net X-ray counts for each ULX candidate. Column 6:
effective exposure time at the position of each ULX candidate (calculated from exposure maps for each Chandra observation). Column 7: net count
rate (in counts per ksec) for each ULX candidate. Column 8: full: photometry in columns 5 and 7 are reported from 0.3-7 keV; hard: photometry
in columns 5 and 7 are reported from 2-7 keV (see §2.1). Column 9: 0.3-10 keV X-ray flux, corrected for Galactic absorption, calculated using
PIMMS and assuming a powerlaw with Γ = 1.8 (see §2.2). Column 10: logarithm of 0.3-10 keV (unabsorbed) X-ray luminosity, from the fluxes in
column 9 and the distances in Table 1 (see §2.2). aBackground AGN in NED/SIMBAD (§2.2.2). bForeground star SIMBAD (§2.2.2).
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TABLE 4
ULX Candidates in Field Sample
Host R.A. Dec. r/r25 Net Counts Exp Count Rate Band fX × 10
15 logLX
Galaxy (deg.) (deg.) (ks) (ks−1) (erg s−1 cm−2) (erg s−1)
NGC1407 55.060510 −18.610503 0.61 160.40 ± 20.83 40.8 3.932 ± 0.511 full 27.01 39.2
· · · 55.076108 −18.600480 0.65 134.01 ± 19.04 42.6 3.143 ± 0.447 full 21.61 39.1
· · · 55.044233 −18.595323 0.31 27.05 ± 8.56 43.0 0.628 ± 0.199 hard 25.67 39.2
· · · 55.052155 −18.581007 0.05 41.62± 10.61 43.3 0.961 ± 0.245 hard 39.24 39.4
· · · 55.037162 −18.579938 0.25 18.49 ± 7.07 41.1 0.449 ± 0.172 hard 18.35 39.1
· · · 55.038563 −18.578147 0.22 17.13 ± 6.81 41.4 0.413 ± 0.164 hard 16.89 39.0
· · · 55.046785 −18.576389 0.09 14.30+7.95
−5.60 41.6 0.344
+0.191
−0.135 hard 14.05 39.0
NGC2768 137.940141 60.026807 0.60 110.43 ± 17.29 47.4 2.329 ± 0.365 full 19.09 39.1
· · · 137.909951 60.036582 0.05 25.97 ± 8.38 64.0 0.406 ± 0.131 hard 14.87 39.0
NGC4125 182.030952 65.174630 0.05 963.02 ± 51.05 58.9 16.362± 0.867 full 96.75 39.8
NGC5846 226.645050 1.585783 0.80 47.57± 11.35 22.7 2.096 ± 0.500 full 13.76 39.1
· · · 226.621164 1.605250 0.03 63.88± 13.15 22.2 2.883 ± 0.593 full 18.93 39.2
· · · 226.603439 1.629369 0.79 54.86± 12.18 22.1 2.480 ± 0.551 full 16.28 39.1
NGC3923 177.745333 −28.851650 0.86 283.26 ± 27.69 79.6 3.559 ± 0.348 full 30.79 39.2
· · · 177.744377 −28.820329 0.28 218.33 ± 24.31 80.3 2.717 ± 0.303 full 23.52 39.1
· · · 177.789721 −28.800189 0.52 489.12 ± 36.38 76.5 6.396 ± 0.476 full 55.36 39.4
· · · 177.775931 −28.780509 0.49 517.58 ± 37.42 78.7 6.577 ± 0.476 full 56.93 39.5
NGC4697a 192.195243 −5.814758 0.90 299.72 ± 28.48 37.0 8.092 ± 0.769 full 54.54 39.3
· · · 192.163897 −5.802042 0.25 183.66 ± 22.29 38.2 4.805 ± 0.583 full 32.38 39.1
NGC4494 187.868978 25.749379 0.84 144.41 ± 19.77 19.1 7.561 ± 1.035 full 44.04 39.4
· · · 187.873271 25.772778 0.58 223.12 ± 24.57 20.3 11.010± 1.213 full 64.14 39.5
IC1459 344.289668 −36.473369 0.33 28.23 ± 8.74 52.5 0.538 ± 0.166 hard 21.81 39.1
· · · 344.295305 −36.462426 0.03 35.57 ± 9.81 52.6 0.676 ± 0.187 hard 27.43 39.2
· · · 344.293139 −36.462008 0.03 38.79± 10.25 52.6 0.737 ± 0.195 hard 29.90 39.3
NGC5077 199.894966 −12.662311 0.73 33.18 ± 9.48 28.4 1.170 ± 0.334 full 10.21 39.3
· · · 199.883088 −12.660683 0.17 5.07+5.36
−3.07 28.5 0.178
+0.188
−0.108 hard 6.87 39.1
· · · 199.882303 −12.657848 0.04 5.06+5.24
−3.19 28.5 0.177
+0.184
−0.112 hard 6.84 39.1
NGC0720 28.253497 −13.747049 0.29 24.93 ± 8.21 47.2 0.528 ± 0.174 hard 21.15 39.1
· · · 28.254639 −13.738793 0.10 28.12 ± 8.72 47.5 0.592 ± 0.184 hard 23.73 39.2
NGC0821 32.088584 10.994225 0.05 68.08± 13.57 49.2 1.383 ± 0.276 full 13.44 39.0
· · · 32.096479 10.997939 0.40 72.10± 13.97 49.3 1.463 ± 0.284 full 14.23 39.0
NGC3379 161.969405 12.560543 0.67 472.03 ± 35.74 69.5 6.791 ± 0.514 full 56.76 39.1
· · · 161.945664 12.577431 0.28 439.27 ± 34.48 80.6 5.452 ± 0.428 full 45.58 39.0
· · · 161.954618 12.580229 0.06 166.53 ± 21.23 80.9 2.058 ± 0.262 hard 82.61 39.3
· · · 161.959110 12.582062 0.06 90.25± 15.63 81.0 1.114 ± 0.193 hard 44.72 39.0
· · · 161.958341 12.582500 0.04 776.09 ± 45.83 81.0 9.581 ± 0.566 hard 384.60 39.9
NGC4636 190.749710 2.659284 0.99 388.56 ± 32.43 42.9 9.056 ± 0.756 full 53.55 39.1
NGC7507 348.027412 −28.535733 0.18 51.55± 11.81 6.5 7.934 ± 1.818 full 67.89 39.6
NGC1332 51.561996 −21.357285 0.72 523.39 ± 37.63 52.0 10.068± 0.724 full 68.23 39.5
· · · 51.570651 −21.334945 0.03 181.57 ± 22.17 47.5 3.824 ± 0.467 full 25.92 39.1
NGC1052 40.269581 −8.255028 0.04 48.88± 11.50 57.9 0.845 ± 0.199 hard 35.68 39.2
· · · 40.255957 −8.241786 0.86 126.30 ± 18.49 58.2 2.171 ± 0.318 full 20.34 39.0
NGC3610 169.641372 58.781599 0.96 11.55+7.34
−4.97 4.9 2.373
+1.507
−1.020 full 18.71 39.2
NGC4291 185.068924 75.364238 0.48 14.15+7.92
−5.57 27.9 0.507
+0.284
−0.200 hard 19.56 39.3
· · · 185.082853 75.371132 0.11 29.59 ± 8.95 29.6 0.998 ± 0.302 hard 38.51 39.6
NGC1439 56.211584 −21.934499 0.56 80.28± 14.74 7.4 10.810± 1.985 full 92.87 39.7
· · · 56.191198 −21.909436 0.78 15.32 ± 6.44 7.4 2.067 ± 0.869 full 17.76 39.0
NGC2778 138.093420 35.026495 0.69 34.87 ± 9.71 29.1 1.196 ± 0.333 full 10.09 39.1
NGC4742 192.955573 −10.457642 0.43 119.14 ± 17.96 32.8 3.635 ± 0.548 full 31.78 39.1
NGC1172 45.389124 −14.846099 0.72 25.33 ± 8.28 6.4 3.934 ± 1.286 full 35.01 39.2
Note. — See Notes to Table 3. aBackground AGN in NED/SIMBAD (§2.2.2).
